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Iodine is one of the most important trace elements in human nutrition; its physiological function as a constituent of thyroxine, the hormone secreted by the thyroid gland, necessitates the control of intake levels, as deficiency or excessive exposure both have a detrimental affect on thyroid function [1, 4] . Concentrations of iodine in cow's milk, which is a major contributor to dietary exposure, are naturally influenced by the levels of iodine in feedstuffs, which vary seasonally [5] . It has been reported that iodine in milk is present mostly as free iodide [6] with relatively small amounts of organic iodine. Whilst I which may enter the food chain via the air-grass-cow-milk pathway as a result of aerial emissions from nuclear reprocessing plants [7] . The long-lived radionuclide 129 I is monitored by regular measurement of 129 I content of liquid milk from cows in the potentiallyaffected areas [8, 9] , typically by radiometric analysis after appropriate separation techniques [10] .
Inductively-coupled plasma mass spectrometry (ICP-MS) potentially offers a quick, simple method of monitoring iodine isotopes in milk; however there are a number of problems associated with the use of ICP-MS for this assay. Firstly, iodine has a relatively high detection limit in ICP-MS in comparison to other elements due to its high ionisation potential (10.45 eV) . Also, signal memory effects can be a problem, due to evaporation of iodine as HI or I 2 from aerosol droplets in the spray chamber [11] . [12, 13] , making the use of oxygen as a collision/reaction gas an attractive option for this analysis.
Before considering instrumental conditions, however, it is necessary to carefully consider sample preparation, to avoid losses due to iodine's volatility and complex redox chemistry. At low pH iodide is easily oxidised to volatile molecular iodine by dissolved oxygen (or other dissolved oxidants):
At high pH, the oxidation of iodide to iodine is avoided, and it is therefore usual to prepare samples in alkaline media to prevent the oxidation of I -to I 2 or the formation of HI. With milk samples, it is also important to destroy the organic matrix to reduce the spectral interferences from carbon species and the possibility of cone blockage in the ICP-MS interface. Thus decomposition with strong alkali, such as ammonia, potassium hydroxide or tetramethylammonium hydroxide (TMAH), alone or in combination, has been used to prepare milk samples for iodine determination [4, 11, 14, 15] . These procedures lead to the conservation of the iodine as iodide or iodate, which is then determined by ICP-MS regardless of the iodine species present in the original sample. The use of alkaline conditions also potentially enable the simultaneous determination of other important anion-forming elements such as selenium, arsenic, sulfur and molybdenum, though this aspect appears to have received little attention in the literature, iodine usually being determined separately from other trace elements. The flexibility of this sample preparation technique is illustrated in the present study by the successful determination of molybdenum, an essential nutrient required for the function of molybdoenzymes, such as milk xanthine oxidase which catalyses the oxidation of xanthine to uric acid [16] .
For iodine determination alone, an alternative approach is to deliberately convert iodine in the sample to elemental iodine vapour for analysis, and total iodine has been determined in milk by vapour generation ICP-optical emission spectrometry [17] , though an alkaline digestion was still required to destroy the organic matrix prior to generating the iodine vapour. Iodine has been determined directly in milk powder by electrothermal vaporization-ICP, but again interference from the organic matrix was a problem, necessitating the use of pre-reduced Pd as a chemical modifier and internal standard [18] .
The work reported here describes the preparation of milk samples for the determination of iodine and molybdenum by ICP-MS using sample pre-concentration and hexapole collision- A 757 VA Computrace (Metrohm, Herisau, Switzerland) was used for the electrochemical oxidation of potassium iodide in 0.1 M KCl using a platinum electrode with a potential sweep of -1.2V to 1.2V.
Materials and Reagents
Certified 
Pre-concentration Procedures

Using oxidation/solvent extraction
The milk powder was digested as above, but excluding the addition of internal standard. The digest (20 mL) was then taken down to pH 2 via drop-wise addition of conc. HNO 3 . Oxone® (0.2 g) and toluene (5 mL) were added simultaneously as soon as pH 2 was reached, and the vessel stirred using a vortex mixer for around 5 min. The mixture was spun on a centrifuge for a further 3 min to separate the layers; the organic layer was collected and the aqueous layer discarded.
Aqueous ammonium thiosulfate, 0.1M (2 mL) was added to the organic layer and the mixture stirred on a vortex mixer for 5 min. Finally, the mixture was spun on a centrifuge (~5000 rpm) and the aqueous layer removed for analysis.
In establishing the above procedure, the effect of using Oxone® as an oxidising agent for iodide was studied. UV-visible spectra of solutions of potassium iodide (0.3 mM), acidified to pH 2 with sulfuric acid, were recorded at measured time intervals after addition of Oxone® (40μL of 1% or 2% solution), to monitor the presence of iodine species via the characteristic absorbance wavelengths of I 2 (460nm), I 3 − (290 and 350 nm) and I − (226 nm).
Using a cation-exchange column:
An OnGuard-H™ cartridge was loaded with Pd 2+ by passing palladium nitrate solution (100 μg mL -1 , 8 mL) through the cartridge. Following this, 13 mL of an aqueous solution containing 500 μg L -1 iodide and 50 μg mL -1 Ca 2+ was passed thorough the cartridge. The percentage of applied palladium and iodide retained on the cartridge was monitored by ICP-MS determination of these elements in the eluent. The cartridge was washed with methanol, before applying a solution of ammonium thiosulfate (0.01M, 0.5 mL) to the cartridge to elute the iodide (as palladium iodide). This procedure was tried using the milk digest solution in place of the aqueous iodide/calcium solution.
Results and Discussion
Determination of
I in milk powder
The basic digestion procedure, using TMAH, Triton-X and hydrogen peroxide as described above, was found to successfully digest the milk samples with the quantification of 127 I in the CRMs being in close agreement with certified values, as shown in Table 2 . The limit of detection was blank-limited at about 0.1 μg g -1 in the milk powder. This sample preparation procedure could have wider application, including the determination of metals in oxy-anions (e.g. Cr(VI), As, Se, Mo), and other trace metals by addition of EDTA to maintain them in solution at the alkaline pH used [23] . Molybdenum was quantified in the milk digests, as described in the next section, but other elements were not determined in this work.
Removal of Xe + interference
In order to measure ) in the collision/reaction cell, due to the charge transfer reaction noted previously (equation (2)).
The milk digests however produced a sizeable signal at m/z 129. This was not due to Figure 1 . Sb was used as the internal standard for the determinations. The results are summarized in Table 3 and it can be seen that there is good agreement between the Mo values recorded in the two instrumental modes and also that the results for the CRMs are in acceptable agreement with the certified value for NIST8435. The detection limit for Mo was 0.01 μg g -1 in the milk powder in both standard and CCT modes. Sb.
As can be seen from Table 3 However, interference on 129 I at low levels would clearly be severe, as can be seen in Table   4 which shows typical signal levels obtained for standards and digest solutions, with and without the use of gas in the collision cell. signal ratio remained the same as with no gas in the cell. It was concluded that separation and pre-concentration of iodine in the digests would be needed to determine low levels (<0.01 ng g 
Pre-concentration of iodine by trapping on a column
Initial attempts were made to concentrate and separate the iodide by addition of silver nitrate to precipitate silver halides, followed by filtration, dissolution of silver chloride with ammonium hydroxide and extraction of iodide from the filter with ammonium thiosulfate, but this approach met with little success. It was felt a column technique would be preferable, whereby silver ions on a cation exchange column (OnGuard-H™) could be used to retain the halides. However, the large excess of chloride in the digests made this problematical due to column overload. It was clear that a column method was needed that would trap iodide but not chloride. -loaded cartridge it was found that >97% of the iodide was retained on the cartridge; for lower levels of iodide (100 μg L
the retention was a little less efficient, but still >80%.
It was found that a 0.01M solution of ammonium thiosulfate was very efficient at eluting the PdI 2 from the cartridge in a small volume (the characteristic brown colour was seen within the first 0.5 mL of eluent, whereafter the eluent ran clear) whilst avoiding the column degradation observed with higher thiosulfate concentrations. Thus a high pre-concentration factor could be achieved. It was further found that methanol did not elute any of the iodide; thus methanol could be used as a wash step between loading and eluting the column, to remove any unwanted organic matter.
It was hoped that this success at pre-concentrating iodine (as iodide) in aqueous samples using a Pd
2+
-loaded cartridge could be translated to the milk digest samples. This optimism was fuelled by the fact that the milk samples already contained sufficient calcium to facilitate retention on the cartridge, and the cartridges have a quoted pH working range of 0-14 and hence would not be adversely affected by the strongly alkaline digests. However, the method did not work with the milk digests. The palladium was stripped from the cartridge on application of the digest solution and consequently iodide was not retained; it is likely that the Pd 2+ was displaced by the tetramethylammonium ion present in large excess from the digestion reagent. 
Pre-concentration of iodine by oxidation/solvent extraction
As an alternative to a column separation, solvent extraction was tried, extracting the analyte as molecular iodine from an acidified digest (HNO 3 added to pH 2), using toluene as the solvent. The non-polar, but highly polarisable, molecular iodine should be extracted into the toluene layer. Ammonium thiosulfate or TMAH could then be used to back-extract the iodine as iodide into a small volume of aqueous solution. However, very low and variable amounts of iodine were extracted from digests (as measured by ICP-MS), despite various modifications to the conditions (e.g. pH adjustments, omission of Triton-X, addition of NaCl) to try to improve the separation and extraction process.
The I 2 may well have been lost through one or more of a variety of other reactions which may have been favoured under the conditions used, such as:
• Formation of I 2 -Cl − (due to high Cl − in digests)
• Interaction of I 2 with H 2 O, e.g. 
Use of Oxone® as oxidising agent
As oxidation to I 2 may not have been taking place reliably in the acidified digest, it was felt that a more powerful oxidising agent than H [27] showed that Oxone® treatment was capable of converting not only I − but also I 3 − to I 2 , probably as a result of oxidation of all available I − causing a shift in the equilibrium of equation (4).
To investigate the effect of using Oxone® instead of H 2 O 2 as an oxidising agent for iodide, Oxone® (1.25 mM) was added to 20 mL of potassium iodide solution (5 mM). The UVvisible spectrum of the solution was measured at 10 minute intervals. The spectra were very different from those observed using H 2 O 2 at the same pH (pH 2). Only the I 2 peak (460 nm) was evident; the I 3 − peaks were entirely absent, and the I 2 peak gradually decreased over time, disappearing completely an hour after the Oxone® was first added (Figure 3) .
A possible reason for this decline in I 2 could be due to the formation of volatile HI in acidic solution, or reaction with water to produce HOI and I − (equation (3)). Although Oxone® has sufficient oxidation potential in principle to convert I 2 to IO 3 − , (E 0 = +1.21V), in practice this reaction is not favoured at low pH.
Acidic conditions are necessary for the Oxone® to work (equation (5)) and this was confirmed in practice. A 1% aqueous solution of Oxone® had a natural pH of 2 and adjusting to alkaline pH meant that the iodide was not oxidised. ) had more than doubled in size, whilst that at 460 nm (I 2 ) remained very small.
The spectrum after 10 min remained virtually the same with a very slight further reduction in the iodide peak at 226 nm (see Figure 4a) .
The above experiment was repeated, but this time doubling the amount of Oxone® added.
This time the iodide peak essentially disappeared on addition of Oxone®, and three small peaks at 290, 350 and 460 nm appeared, but after 5 min the first two of these had gone, leaving a single peak at 460 nm, which almost doubled in size from 0 -5 min before gradually decreasing but remaining at about two-thirds of its maximum height after an hour (see Figure 4b ). This indicated that the higher level of Oxone® had successfully oxidised the I − to I 2 , and the I 3 − formed (according to equation (4)) had also been quantitatively converted to I 2 , as previously reported [27] .
The above experiments showed that if insufficient Oxone® were added, such that unoxidised iodide remained, any I 2 formed would complex with the remaining I − to leave I 3 − as the dominant oxidised species. Therefore Oxone® should be added in excess to a solution at pH 2 to ensure quantitative conversion to I 2 .
Whilst the iodine species formed in aqueous iodide solutions treated with Oxone® could usefully be monitored via their UV-visible absorbance profiles, it was not possible to monitor the iodine species in the digest solutions directly by UV-visible spectroscopy, due to large absorbances of other components in the digest matrix masking the iodine peaks. Possible reasons for the poor extraction efficiency can be suggested by considering the stages in the extraction and the possible iodine species formed. In the initial digest, it is assumed that the iodine is present mostly as free iodide [6] and some organic iodine which is released according to which is heavily biased towards the right hand side of the equilibrium when TMAH is present.
Once the iodide is oxidised to iodine on addition of Oxone® (equation (5) 
Conclusion
The complex redox chemistry of iodine makes this a difficult element to extract from complex biological matrices and determine at low (sub μg L -loaded cation-exchange column followed by elution with ammonium thiosulfate, which although unsuitable for the milk digests, is applicable to aqueous samples.
A new method for the preconcentration of iodide and removal of interferences in the milk digest solutions, via oxidation with Oxone®, extraction into toluene and back-extraction into ammonium thiosulfate, has shown some promise, although the extraction efficiency was low.
Further measures to control the iodine chemistry during the extraction would need to be developed before this can be considered a viable method for this application.
